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Motivation

Phenomenological motivation

pp→ q̃ χ̃0
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Potential source of hard decay monojet + /ET signatures

Directly sensitive to the qq̃χ̃ coupling ⇒ measure might be feasible ?
Allanach, Grab, Haber arXiv:1010.426 [hep-ph]

Probes the composition and dynamics of the LSP

Probes the SUSY relations between the gauge couplings and the

gaugino-quark-squark couplings

Probes the SUSY-breaking pattern
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Motivation

Technical motivation

Why NLO ?

QCD corrections quantitatively relevant : K ∼ 1.5

QCD corrections qualitatively relevant: scale dependence, normalization of distributions,
importance of gluon radiation . . .

Why Automation ?

Many models & processes ↔ analogue technical challenges

Cost & time saving, robustness, accessibility

Eases validation, engages Theory/Experiment interchange

Some recent highlights : MadNLO [Hirsch et al.], arXiv:1103.0621, aMC@NLO
[Frederix et al.] arXiv:1104.5613

MadGolem
[Binoth, Gonçalves-Netto, DLV, Mawatari, Plehn, Wigmore, arXiv:1108.1250 [hep-ph]]

Fully automated calculation of NLO QCD corrections for arbitrary 2→ 2 processes in a

generic BSM framework soon to be public !
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MadGolem: describing the tool Modules and flowchart

MadGolem from inside: modules and flowchart

process card.dat param card.dat run card.dat

MadGraph
LO amplitude
user interface

real corrections

Extended
MadDipole IR Subtraction

MadOS OS Subtraction

Qgraf

Golem

Counterterm
generator

virtual corrections

Event Generator

NLO
cross-
section

NLO
distributions

NLO
amplitude
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MadGolem: describing the tool Virtual corrections

MadGolem from inside: virtual corrections

♠ GENERATION ←→ Qgraf [Nogueira]

Model files FORTRAN−−−−−−−→ Feynman diagrams

♠ TRANSLATION ←→ Qgraf-Golem

Feynman diagrams BASH,PERL,FORM−−−−−−−−−−−−−→ Amplitude

vertices propagators color Lorentz structures relative signs

♠ CALCULATION ←→ Golem [Binoth et al.]

Amplitude BASH,PERL,FORM,MAPLE−−−−−−−−−−−−−−−−−−→ Reduced amplitude

MNLO = MNLO
[color/helicity/1l−function]| {z }
partial amplitudes

× Bcolor ⊗ Bhel ⊗ B1Lfunction| {z }
basis

David López-Val SUSY 2011 August 29th 2011 Fermilab



MadGolem: describing the tool Virtual corrections

MadGolem from inside: virtual corrections

♠ GENERATION ←→ Qgraf [Nogueira]

Model files FORTRAN−−−−−−−→ Feynman diagrams

♠ TRANSLATION ←→ Qgraf-Golem

Feynman diagrams BASH,PERL,FORM−−−−−−−−−−−−−→ Amplitude

vertices propagators color Lorentz structures relative signs

♠ CALCULATION ←→ Golem [Binoth et al.]

Amplitude BASH,PERL,FORM,MAPLE−−−−−−−−−−−−−−−−−−→ Reduced amplitude

MNLO = MNLO
[color/helicity/1l−function]| {z }
partial amplitudes

× Bcolor ⊗ Bhel ⊗ B1Lfunction| {z }
basis

David López-Val SUSY 2011 August 29th 2011 Fermilab



MadGolem: describing the tool Virtual corrections

MadGolem from inside: virtual corrections

♠ GENERATION ←→ Qgraf [Nogueira]

Model files FORTRAN−−−−−−−→ Feynman diagrams

♠ TRANSLATION ←→ Qgraf-Golem

Feynman diagrams BASH,PERL,FORM−−−−−−−−−−−−−→ Amplitude

vertices propagators color Lorentz structures relative signs

♠ CALCULATION ←→ Golem [Binoth et al.]

Amplitude BASH,PERL,FORM,MAPLE−−−−−−−−−−−−−−−−−−→ Reduced amplitude

MNLO = MNLO
[color/helicity/1l−function]| {z }
partial amplitudes

× Bcolor ⊗ Bhel ⊗ B1Lfunction| {z }
basis

David López-Val SUSY 2011 August 29th 2011 Fermilab



MadGolem: describing the tool Virtual corrections

MadGolem from inside: virtual corrections

♠ GENERATION ←→ Qgraf [Nogueira]

Model files FORTRAN−−−−−−−→ Feynman diagrams

♠ TRANSLATION ←→ Qgraf-Golem

Feynman diagrams BASH,PERL,FORM−−−−−−−−−−−−−→ Amplitude

vertices propagators color Lorentz structures relative signs

♠ CALCULATION ←→ Golem [Binoth et al.]

Amplitude BASH,PERL,FORM,MAPLE−−−−−−−−−−−−−−−−−−→ Reduced amplitude

MNLO = MNLO
[color/helicity/1l−function]| {z }
partial amplitudes

× Bcolor ⊗ Bhel ⊗ B1Lfunction| {z }
basis

David López-Val SUSY 2011 August 29th 2011 Fermilab



MadGolem: describing the tool Virtual corrections

MadGolem from inside: virtual corrections

♠ GENERATION ←→ Qgraf [Nogueira]

Model files FORTRAN−−−−−−−→ Feynman diagrams

♠ TRANSLATION ←→ Qgraf-Golem

Feynman diagrams BASH,PERL,FORM−−−−−−−−−−−−−→ Amplitude

vertices propagators color Lorentz structures relative signs

♠ CALCULATION ←→ Golem [Binoth et al.]

Amplitude BASH,PERL,FORM,MAPLE−−−−−−−−−−−−−−−−−−→ Reduced amplitude

MNLO = MNLO
[color/helicity/1l−function]| {z }
partial amplitudes

× Bcolor ⊗ Bhel ⊗ B1Lfunction| {z }
basis

David López-Val SUSY 2011 August 29th 2011 Fermilab



MadGolem: describing the tool Virtual corrections

MadGolem from inside: virtual corrections

♠ GENERATION ←→ Qgraf [Nogueira]

Model files FORTRAN−−−−−−−→ Feynman diagrams

♠ TRANSLATION ←→ Qgraf-Golem

Feynman diagrams BASH,PERL,FORM−−−−−−−−−−−−−→ Amplitude

vertices propagators color Lorentz structures relative signs

♠ CALCULATION ←→ Golem [Binoth et al.]

Amplitude BASH,PERL,FORM,MAPLE−−−−−−−−−−−−−−−−−−→ Reduced amplitude

MNLO = MNLO
[color/helicity/1l−function]| {z }
partial amplitudes

× Bcolor ⊗ Bhel ⊗ B1Lfunction| {z }
basis

David López-Val SUSY 2011 August 29th 2011 Fermilab



MadGolem: describing the tool Virtual corrections

MadGolem from inside: virtual corrections

♠ GENERATION ←→ Qgraf [Nogueira]

Model files FORTRAN−−−−−−−→ Feynman diagrams

♠ TRANSLATION ←→ Qgraf-Golem

Feynman diagrams BASH,PERL,FORM−−−−−−−−−−−−−→ Amplitude

vertices propagators color Lorentz structures relative signs

♠ CALCULATION ←→ Golem [Binoth et al.]

Amplitude BASH,PERL,FORM,MAPLE−−−−−−−−−−−−−−−−−−→ Reduced amplitude

MNLO = MNLO
[color/helicity/1l−function]| {z }
partial amplitudes

× Bcolor ⊗ Bhel ⊗ B1Lfunction| {z }
basis

David López-Val SUSY 2011 August 29th 2011 Fermilab



MadGolem: describing the tool Virtual corrections

MadGolem from inside: virtual corrections

♠ GENERATION ←→ Qgraf [Nogueira]

Model files FORTRAN−−−−−−−→ Feynman diagrams

♠ TRANSLATION ←→ Qgraf-Golem

Feynman diagrams BASH,PERL,FORM−−−−−−−−−−−−−→ Amplitude

vertices propagators color Lorentz structures relative signs

♠ CALCULATION ←→ Golem [Binoth et al.]

Amplitude BASH,PERL,FORM,MAPLE−−−−−−−−−−−−−−−−−−→ Reduced amplitude

MNLO = MNLO
[color/helicity/1l−function]| {z }
partial amplitudes

× Bcolor ⊗ Bhel ⊗ B1Lfunction| {z }
basis

David López-Val SUSY 2011 August 29th 2011 Fermilab



MadGolem: describing the tool Virtual corrections

MadGolem from inside: virtual corrections

♠ GENERATION ←→ Qgraf [Nogueira]

Model files FORTRAN−−−−−−−→ Feynman diagrams

♠ TRANSLATION ←→ Qgraf-Golem

Feynman diagrams BASH,PERL,FORM−−−−−−−−−−−−−→ Amplitude

vertices propagators color Lorentz structures relative signs

♠ CALCULATION ←→ Golem [Binoth et al.]

Amplitude BASH,PERL,FORM,MAPLE−−−−−−−−−−−−−−−−−−→ Reduced amplitude

MNLO = MNLO
[color/helicity/1l−function]| {z }
partial amplitudes

× Bcolor ⊗ Bhel ⊗ B1Lfunction| {z }
basis

David López-Val SUSY 2011 August 29th 2011 Fermilab



MadGolem: describing the tool Virtual corrections

Handling the UV divergences

Including the Counterterms

L0 → L(Z
1/2
φ φ,Zg g) = L(φ, g) + δL (φ, g, δ Zφ, δ g)

δL(δ Zφ, δ g)| {z }
Model file + Qgraf

⇔ Σq, Σq̃, Σg, Σg̃ @O(αs)| {z }
External library

Renormalization scheme

MS , for the field-strength RCs of the massless particles

OS , for the field-strength RCs of the massive particles

MS+ decoupling of heavy colored-particles , for gs [Beenakker et al,
Berge et al]

SUSY breaking from Dimensional Regularization restored through
additional finite CTs [Martin, Vaughn; Beenakker et al].
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MadGolem: describing the tool Real emission

Handling the IR divergences

♠ Dipole Subtraction: [Catani, Seymour; Catani, Dittmaier, Seymour, Trocsanyi]

σ =

Z
m

d σ
B

+

Z
m+1

d σ
R

+

Z
m

»Z
1
d σ

V

–

σ =

Z
m

d σ
B

+

Z
m+1

d σ
R − d σA| {z }

1
εIR
− 1
εIR

+

Z
m

266664
Z

1
d σ

V
+ d σ

A| {z }
1
εIR
− 1
εIR

377775
Local (pointwise) subtraction of the IR poles

Based on factorization of collinear&soft singularities

Process-independent

Analytically integrable over the single-parton phase-space containing the divergences

dσ
A

=
X
l

f(εIR)× dσBl ⊗ VlZ
m+1

d σ
A

=
X
l

Z
m

f(εIR) × d σBl ⊗
Z

1
Vl = f(εIR) ×

Z
m

dσ
B
l ⊗ I

ISUSY (including α-dependence [Nagy, Trocsanyi] ) available @ MadGolem
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MadGolem: describing the tool Real emission

Testing MadGolem: IR divergences

♠Validation strategies

α dependence & behavior in the soft and collinear limits, for all dipoles [Nagy, Trocsanyi]

cancellation of IR divergences – numerical stability and convergence

Performance of the SUSY dipoles: pp(ug)→ ũLχ̃1

1e-08

1e-06

0.0001

0.01

1

1e+02

1e+04

|M|
2

Dipole

Soft limit for gluon (without pdf)
ug > uln1g, E

cm
 =500 GeV, m

ul
 = 150 GeV, m

n1
 = 90 GeV

1
Dipole/|M|

2

1e-12 1e-11 1e-10 1e-09 1e-08 1e-07 1e-06 1e-05 0.0001 0.001 0.01 0.1 1

E
g

2
 / E

cm

2

-0.04
-0.02
0.00
0.02
0.04

|M|
2
 - Dipole
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MadGolem: describing the tool On-Shell divergences

Handling the OS Divergences

Automatized OS Subtraction available @ MadGOLEM [Beenakker, Höpker, Spira, Zerwas]

dσR −→ dσR
i
regular

+ dσR∗
i
O(1/(p2−m2))

ug → ũLχ̃1j + uu→ ũLũ
∗
L → ũLχ̃1j

σ =

Z
m+1

d σ
R −→

Z
m+1

h
d σ

R
+ d σ

R∗
(ΓũL )− dσOS(ΓũL )

i

u

u

u11˜

!1
0˜

u

g

u11˜
-

u

u

u11˜

u11˜g

uu→ ũLũ
∗
L → ũLχ̃1j - uu→ ũLũL × B(ũL → χ̃1j)

dσOS

dM2
= σ

Born mũL ΓũL/π

(M2 −m2
ũL

) +m2 Γ2
ũL

+O
 

1

(M2 −m2
ũL

)

!

Pointwise subtraction of the OS poles – analogue to CS dipoles

Avoids double-counting & preserves gauge invariance & spin correlations

ΓũL as regulator ⇒ dependence cancels in the final results
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Automatized OS Subtraction available @ MadGOLEM [Beenakker, Höpker, Spira, Zerwas]
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ũL

+O
 

1

(M2 −m2
ũL
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∗
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MadGolem: describing the tool On-Shell divergences

Testing MadGolem: OS divergences

♠Validation strategies

Independence with respect to Γ/M

Numerical stability and convergence

Performance of the OS Subtraction: pp(uu→ ũRχ̃1u)
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Squark/neutralino production at NLO: Phenomenogical analysis

Outline

1 Motivation

2 MadGolem: describing the tool

3 Squark/neutralino production at NLO: Phenomenogical analysis
Structure of the NLO corrections
Scale dependence
MSSM parameter space survey
Comparison with multi-jet merging

4 Summary
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Squark/neutralino production at NLO: Phenomenogical analysis general features

pp→ q̃χ̃0
n at Leading-Order

♠ Flavor-locked pp(ug)→ ũ χ̃0
n @LO pp(ug, uu, ud, uū, gg)→ ũ χ̃0

n @NLO

♠ Sensitive to the qq̃χ̃0 coupling ⇒ σLO ∼ O(αewαs )

SUSY gauge interactions ←→ neutral gauginos ←→ weak hypercharges

Yukawa interactions ←→ neutral higgsinos ←→ light quark masses
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Squark/neutralino production at NLO: Phenomenogical analysis general features

pp→ q̃χ̃0
n at Next-to-Leading Order

Virtual corrections : virtual gluon (QCD) and gluino (SUSY-QCD)
interchange

Real corrections : quark and gluon emission off the initial partons and the
final-state squark
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ũL,R

q

g
χ̃0

n

χ̃0
1

ũ1
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i) (s)quark self-energy insertions; ii) vertex corrections & χ̃1qq̃ loop-induced form-factor; iii)

box diagrams; iv) UV counterterms; v) real quark/gluon emission
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ũ1
1

χ̃0
n
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ũL,R

g̃ q

q

g

ũ1
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ũL,R

q q

g

q̃L/R

χ̃0
n

i) (s)quark self-energy insertions; ii) vertex corrections & χ̃1qq̃ loop-induced form-factor; iii)

box diagrams; iv) UV counterterms; v) real quark/gluon emission

David López-Val SUSY 2011 August 29th 2011 Fermilab



Squark/neutralino production at NLO: Phenomenogical analysis general features

pp→ q̃χ̃0
n: computational setup

♠ PDF set : CTEQ6L1-CTEQ6M with 5 active flavors

♠ Renormalization/factorization scale choice : µF = µR = (mq̃ +mχ̃0
n

)/2

♠ Benchmark MSSM scenario: SPS1a1000

mSUGRA-like spectrum with mg̃ ∼ 1TeV

⇒ for SPS1a1000 the neutralino is mostly bino

quantitative differences: guũ∗
L
χ̃1/guũ∗Rχ̃1 ∼ 1/6 ⇒

σ(ũRχ̃1)� σ(ũLχ̃1)

qualitative differences: relative size & dominant sources of real & virtual
corrections
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σ(ũRχ̃1)� σ(ũLχ̃1)
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Squark/neutralino production at NLO: Phenomenogical analysis Structure of the NLO corrections

Phenomenological analysis

pp→ q̃χ̃0
n at NLO

♠ Structure of the NLO corrections

Quantum effects moderately large (∼ 30/40%) and largely insensitive to the details of
the SUSY spectrum

dominated by pure QCD virtual gluon interchange & real gluon emission

SUSY-QCD corrections entail a subleading contribution (suppressed by ∼ 1/MSUSY )

♠ Scale dependence

Strongly reduced theory uncertainty: ∆σ/σ ∼ 20% @NLO VS ∼ 70% @LO

Similarly sensitive to variations of µF /µR alike

♠ MSSM parameter space survey

Overall rates : σ ∼ O(1− 100) fb for LHC at
√
S = 14TeV.

Strongly dependent on the MSSM configuration ⇒ kinematics (phase
space) & dynamics (qq̃χ̃0

n coupling-strength)

K-factors : K ∼ O(1.3− 1.4)

Virtually insensitive to the the MSSM configuration
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MSSM parameter space survey

Overall rates: σ ∼ O(1− 100) K-factors: K ∼ O(1.3− 1.4)
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MSSM parameter space survey

√
S σLO σNLO K mũ md̃ mg̃ mχ̃1

SPS1a1000
7 35.27 50.44 1.43 ũL : 561 d̃L : 568

1000 97
14 215.02 301.27 1.40 ũR : 549 d̃R : 545

SPS1b
7 2.77 3.99 1.45 ũL : 872 d̃L : 878

938 162
14 27.21 37.46 1.38 ũR : 850 d̃R : 843

SPS2
7 0.04 0.07 1.52 ũL : 1554 d̃L : 1559

782 123
14 1.21 1.64 1.36 ũR : 1554 d̃R : 1552

SPS3
7 3.15 4.55 1.44 ũL : 854 d̃L : 860

935 161
14 30.20 41.59 1.38 ũR : 832 d̃R : 824

SPS7
7 2.19 3.17 1.45 ũL : 896 d̃L : 904

950 163
14 22.36 30.80 1.38 ũR : 875 d̃R : 870

SPS8
7 0.65 0.95 1.45 ũL : 1113 d̃L : 1122

839 139
14 8.73 11.79 1.35 ũR : 1077 d̃R : 1072

SPS9
7 0.39 0.58 1.49 ũL : 1276 d̃L : 1279

1872 187
14 7.65 10.42 1.36 ũR : 1282 d̃R : 1289

σ in fb,
√
S in TeV, m in GeV.
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Comparison with multi-jet merging

♠ NLO Kinematic distributions for the heavy final-states (q̃, χ̃0
n) in good agreement with a

multi-jet merged calculation via MLM matching – with MADGRAPH 5 [Alwall et al.]
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Squark/neutralino production at NLO: Phenomenogical analysis Squark/neutralino & squark/chargino channels

Squark/neutralino & squark/chargino channels

♠ If final-state leptons are considered ⇒ sensitivity to squark + heavier neutralinos &
charginos
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Summary

MadGolem

completely automates the calculation of NLO QCD corrections for generic BSM
2→ 2 processes within the MadGraph/Golem framework

Status of the code

Operative & extensively checked for the SM/MSSM
BSM-suitable loop calculator

SUSY dipoles (with α dependence)

UV counterterms & SUSY restoration

OS Subtraction

First public release in O(months) ⇒ Stay tuned !!
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pp→ q̃χ̃0
n

First fully automated BSM NLO calculation

Phenomenology in a nutshell

Source of monojet+/ET signatures

Probe of the qq̃χ̃ coupling & composition of the χ̃0-LSP

Total rates up to σ ∼ O(100) fb ←→ dependent on the SUSY spectrum
and the qq̃χ̃ coupling strength

K-factors ∼ 1.3− 1.4 ←→ insensitive to the SUSY spectrum

Quantum effects dominated by virtual gluon exchange and real gluon
emission

Strongly reduced theory uncertainty

Good agreement with jet merging calculation
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